Linoleic acid (LA) incubated with a homogenate of Lentinula edodes or Tricholoma matsutake mushroom significantly increased the amount of (R)-1-octen-3-ol. The alcohol was identified as (S)-10-HODE with 90-87% and >99% enantiomeric excess (ee), respectively. During the incubation of LA with these homogenates in the presence of glutathione-glutathione peroxidase (GSH-GPx), which can reduce hydroperoxy fatty acids to the corresponding hydroxy acids, the formation of (R)-1-octen-3-ol was significantly inhibited, whereas the amount of 10-hydroxy-(8E,12Z)-8,12-octadecadienoic acid (10-HODE) was significantly increased. The acid was identified as (S)-10-HODE with 92-88% ee and >99% ee, respectively. The decrease in the amount of alcohol was approximately the same as the increase in amount of HODE in both mushrooms. These results indicate a stereochemical correlation between (R)-1-octen-3-ol and (S)-10-hydroperoxy-(8E,12Z)-8,12-octadecadienoic acid [(S)-10-HPODE] in both mushrooms.
Lipoxygenases (EC 1.13.11.12) catalyze the oxygenation of fatty acids containing a (1Z,4Z)-pentadiene moiety in a regio-and stereo-selective way. These enzymes are widely distributed in plants 1) and mammals 2) and have further been demonstrated to occur in algae, [3] [4] [5] yeasts, 6) and bacteria. 7) The lipoxygenases convert linoleic (LA) or linolenic acid into regio-and stereo-selective hydroperoxy fatty acids, followed by enzymatic cleavage by hydroperoxide lyases to produce short-chain aldehydes with 6 and 9 carbon atoms. We have recently demonstrated that such middle-chain aldehydes as 2,4-decadienals were exclusively produced via (R)-11-hydroperoxyicosatetraenoic acid from arachidonic acid in a homogenate of the marine green alga, Ulva conglobata.
8) The presence of a lipoxygenase and a hydroperoxide lyase was suggested in the alga. On the other hand, the aroma produced from edible mushrooms has been well studied. The mushroom, Lentinula edodes, known as ''shiitake mushroom'', is highly rated and consumed in Japan and China. The aroma compounds of this mushroom have been investigated and identified as C8 and sulfur compounds, the major C8 compounds being 1-octen-3-ol, 1-octen-3-one, and 3-octanone. In particular, the matsutake mushroom, Tricholoma matsutake, is called the king of mushrooms in Japan. The Japanese value the flavor rather than the taste of the mushroom, just as Europeans like the flavor of truffles. The aroma compounds of the mushroom have been identified as 1-octen-3-ol, 2-octen-1-ol, and methyl cinnamate. Among these aroma compounds, (R)-1-octen-3-ol, known as ''raw mushroom or mushroom alcohol'', is contained in all types of mushrooms and is considered to be the impact compound for the flavor of edible mushrooms. It has been suggested that the biogeneration of 1-octen-3-ol was due to oxygenation by a lipoxygenase of LA into a regio-and stereoselective hydroperoxyoctadecadienoic acid (HPODE), with subsequent enzymatic cleavage by a hydroperoxide lyase. Wurzenberger and Grosch have reported that an extract of Psalliota bispora afforded 1-octen-3-ol and 10-oxo acid in equi-molar amounts, and that (S)-10-hydroperoxy-(8E,12Z)-8,12-octadecadienoic acid (10-HPODE) was preferentially converted into 1-octen-3-ol and the oxo acid.
9,10) Assaf et al. have recently reported that two different lipoxygenases in the formation of 1-octen-3-ol and 13-HPODE were contained in Pleurotus pulmonarius.
11) On the other hand, we have indicated that incubating LA with a homogenate of Lentinus decadetes in the presence of glutathione-glutathione peroxidase (GSH-GPx), which can reduce hydroperoxy fatty acids to the corresponding hydroxy acids, increased 10-hydroxy-(8E,12Z)-8,12-octadecadienoic acid (10-HODE) and decreased 1-octen-3-ol.
12) However, these results did not directly show the stereochemical correlation between HODEs and 1-octen-3-ol, and the absolute configuration of the HODEs was not elucidated.
The authors describe here the stereochemical correlation between HPODE and 1-octen-3-ol with homogenates of L. edodes and T. matsutake.
Materials and Methods
Materials. Lentinula edodes (shiitake) was presented by a mushroom farm, and Tricholoma matsutake (matsutake) was purchased from a local market. These mushrooms were frozen at À30 C until being used. Gluthathione peroxidase and linoleic acid were purchased from Sigma (St. Louis, MO, U.S.A.). All commercial chemicals were of analytical grade, and all purchased solvents were distilled before use.
Preparation of a mushroom homogenate. The tissue (25 or 30 g, fresh weight) was homogenized with a blender in a 0.1 M phosphate buffer (125 ml, pH 7.0) containing 0.1% Triton X-100. The homogenate was filtered, and the filtrate was centrifuged at 1000 Â g. The supernatant was used for the enzyme assay. L. edodes mushrooms with small cup sizes (3 or 5 cm) were used for the detection of 1-octen-3-ol and 10-HODE as shown in Fig. 3 and Table 1 .
Headspace-solid phase microextraction (HS-SPME).
An SPME holder (Supelco) was used to perform the experiments. A fused-silica fiber, coated with a 65-mm layer of polydimethylsiloxane-divinylbenzene, was selected to absorb the volatile components. The mushroom homogenate (10 ml) was added to a sample tube. LA (200 nmol) was administered to the homogenate, and the mixture was stirred at room temperature. After stirring for 60 min, tetrahydrofuran and an internal standard (2-nonanol, 200 nmol) were added to the mixture. The fiber was exposed in the headspace of the stirred mixture at room temperature for 30 min, before being removed from the headspace and introduced into the GC injector, where thermal desorption at 240 C for 10 min was carried out. The volatile compounds were analyzed by GC-MS (Shimadzu QP5050A instrument) with a DB-WAX column (0.25 mm i.d. Â 60 m). The oven temperature was programmed from 50-230 C at a rate of 10 C/min, and the carrier gas was helium. Quantification of 1-octen-3-ol was performed by reference to 2-nonanol as an internal standard, the result being expressed as the mean AE SD of three samples.
Chiral GC analysis of 1-octen-3-ol. To identify the absolute configuration of 1-octen-3-ol, the extract from the homogenate or the fiber was introduced into the GC instrument fitted with a Lipodex G column (0.25 mm i.d. Â 50 m). The injector and detector were respectively set at 220 C and 230 C. The oven temperature was held at 90 C, and the carrier gas was helium.
Recovery of HODEs from the homogenate. The homogenate (500 ml) was incubated with a substrate (1.2 mmol) at 0 C for 10 min. (NH 4 ) 2 SO 4 , NaCl, tetrahydrofuran, and an internal standard (12-hydroxystearic acid, 500 nmol) were then added, and the mixture was centrifuged at 2000 Â g for 10 min to separate the organic layer. The layer was washed with brine and dried over anhydrous MgSO 4 . The extract was concentrated under reduced pressure, and the resulting residue was diluted with diethyl ether.
GC-MS analyses of converted HODEs. The extract was esterified with diazomethane at 0 C for 10 min, and the resulting methyl ester was reduced with PPh 3 at 0 C for 10 min. After reducing the double bonds with H 2 /PtO 2 in methanol and subsequent silylation of the hydroxy group with bis(trimethylsilyl)trifluoroacetamide, the resulting hydrogenated trimethylsilyl ether derivative was analyzed by GC-MS with the DB-WAX column. The injector was set at 240 C, and the oven temperature was programmed from 120-200 C at a rate of 10 C/min. HODEs were quantified by reference to 12-hydroxystearic acid as an internal standard, the result being expressed as the mean AE SD of three samples.
Chiral GC analyses of HODEs. The methyl esters of HODEs were acetylated with acetic anhydride in pyridine at 0 C for 30 min to afford acetates. These acetates were treated overnight with RuCl 3 and NaIO 4 in CH 3 CN-CCl 4 -H 2 O at room temperature, and then the extracts were esterified with diazomethane to give acetates of dimethylmalate and other degraded products. The acetates were analyzed by GC with the chiral column. The injector and detector were respectively set at 220 C and 230 C, and the oven temperature was held at 110 C.
Formation of 1-octen-3-ol and HODEs in the presence of GSH-GPx. The homogenate was incubated with LA in the presence of GSH-GPx (5 mmol, respectively) at room temperature for 120 min. After the incubation, the extract from the homogenate or the SPME fiber was subjected to GC-MS and chiral GC analyses in the same manner as that just described.
Results and Discussion
Detection of 1-octen-3-ol in mushrooms by the HP-SPME method
The volatile compounds collected by HP-SPME in a mushroom homogenate were identified and quantified by a GC-MS analysis. In order to examine the amount and enantiomeric ratio of 1-octen-3-ol, the L. edodes mushroom was analyzed separately for five different cup sizes, because the composition of volatile compounds varies with growth. As shown Fig. 1A , the amount of alcohol in the small cups was higher than that in the bigger cups. The enantiomeric excess (ee) of 1-octen-3-ol was evaluated by chiral-GC (Lipodex G). A comparison based on the t R value and co-chromatography with authentic standards such as racemic 1-octen-3-ol and the (R)-form revealed that the alcohol obtained from the mushroom was of (R)-form with an optical purity estimated to be 90-87% ee (Fig. 1B) . The optical purity of the alcohol in the small cups was relatively higher than that in the bigger cups. It was inferred from these results that small cup size mushrooms were most effective for the enzyme assay. Although other C8 compounds such as 1-octen-3-one and 3-octanone were identified by this GC-MS analysis, the amounts of these compounds did not significantly vary with cup size (Figs. 1C and D) . When LA was incubated with a heattreated homogenate, no 1-octen-3-ol was formed. Arachidonic acid as a substrate did not significantly increase the amount of the alcohol in this system. We also examined the incubation of LA with a homogenate of the T. matsutake mushroom. 1-Octen-3-ol as the major component and (E)-2-octen-1-ol as a minor one in this mushroom were formed enzymatically, and the amounts of the alcohols were significantly increased during incubation. The absolute configuration of 1-octen-3-ol was of (R)-form, and the optical purity was estimated as >99% ee by the chiral GC analysis in the same manner.
Detection and identification of HODEs in mushrooms
In order to confirm the precursor for the biogeneration of (R)-1-octen-3-ol, the homogenate of L. edodes was incubated with LA at 0 C for 10 min. The extract was treated with diazomethane, and the resulting methyl ester was reduced with triphenylphosphine. After further reduction with H 2 /PtO 2 in ethanol and subsequent silylation with bis(trimethylsilyl)trifluoroacetamide, the mass spectrum of the resulting hydrogenated trimethylsilyl derivative was characterized by a molecular ion (M þ ) at m=z 386 and by two intense ions at m=z 215 and 273 (Fig. 2) . Thus, HODE obtained from L. edodes could be characterized as 10-HODE by means of chemical and GC-MS techniques. In the same manner, two peaks of a hydrogenated trimethylsilyl derivative were found in T. matsutake. One major peak of the derivative was characterized as 10-HODE, and the other minor peak was characterized as 13-HODE by two intense ions at m=z 173 and 315. The L. edodes mushroom was analyzed separately for five different cup sizes (3 cm, 5 cm, 8 cm, 10 cm, and 12 cm in diameter). Each homogenates was incubated for 60 min. The volatile compounds were collected by the HS-SPME method, and their amounts were evaluated by GC-MS. The asterisk * represents significant difference between + LA and the control at p < 0:01. Each data value is shown as the mean AE SD (n ¼ 3). A, (R)-1-octen-3-ol; B, optical purity of (R)-1-octen-3-ol; C, 1-octen-3-one; D, 3-octanone.
Determination of the absolute configuration of 10-HODE
In order to determine the absolute configuration of 10-HODE, acetylation with acetic anhydride in pyridine was carried out, with subsequent oxidative cleavage with RuCl 3 -NaIO 4 in CCl 4 -CH 3 CN-H 2 O to give acetyl malic acid and other degraded products. After methyl esterification, those esters were analyzed by GC-MS and chiral-GC (Scheme 1). Chiral-GC enabled a comparison based on t R value and co-chromatography with authentic standards such as the racemic acetate of Each homogenates was incubated for 120 min. The volatile compounds were collected by the HS-SPME method. The asterisk * represents significant difference between + LA and + LA, GSH-GPx at p < 0:03. Each data value is shown as the mean AE SD (n ¼ 3).
dimethyl malate and that of (S)-malate to reveal that 10-HODE obtained from the mushroom was of (S)-form with ee of 92-88%. We also examined the detection of HODEs in T. matsutake mushroom. Chemical degradation enabled the stereochemistry of HODE obtained from the mushroom to be identified as (S)-10-HODE with >99% ee by chiral-GC in the same manner.
Effect of GSH-GPx
When LA was incubated at room temperature for 120 min with the homogenate of L. edodes, the formation of (R)-1-octen-3-ol was significantly enhanced. However, in the presence of GSH-GPx, which can reduce HPODEs formed into the corresponding HODEs, the formation of the alcohol was significantly inhibited (Fig. 3) . In the T. matsutake mushroom, the amount of (R)-1-octen-3-ol was relatively increased during incubation with LA, whereas the alcohol formation was significantly inhibited in the presence of GSH-GPx. On the other hand, the decreased amount of (R)-1-octen-3-ol (À86:2 AE 1:73 nmol/g fresh weight) approximately matched the increased amount of (S)-10-HODE (þ81:0 AE 1:55 nmol/g fresh weight), and the stereochemistry of the alcohol and HODE were identified with 91-89% ee and 92-88% ee, respectively (Table 1) . Although the same effect was found in the T. matsutake mushroom, the optical purity of both was higher with >99% ee.
These results indicated that LA incubated with a homogenate of L. edodes or T. matsutake mushroom resulted in the amount of (R)-1-octen-3-ol being significantly increased. The alcohol was identified as (S)-10-HODE with 90-87% ee and >99% ee, respectively. Incubation of LA with a mushroom homogenate in the presence of GSH-GPx resulted in the formation of (R)-1-octen-3-ol being significantly inhibited, whereas the amount of HODE was significantly increased. The decrease in the amount of alcohol approximately matched the increase in amount of HODE in both mushrooms (Fig. 3, Table 1 ). The HODE was identified as (S)-10-HODE with 92-88% ee and >99% ee, respectively, by chiral-GC. Furthermore, a stereochemical correlation between (R)-1-octen-3-ol and (S)-10-HPODE was found in both mushrooms. It is suggested that the biogeneration of 1-octen-3-ol in both mushrooms was due to oxygenation by a dioxygenase of LA into (S)-10-HPODE and subsequent enzymatic cleavage by a hydroperoxide lyase (Scheme 2). Each Homogenate was incubated for 120 min in the presence of GSH-GPx. The volatile compounds were collected by the HS-SPME method. The amounts of 1-octen-3-ol and HODEs were evaluated by GC-MS. Each data value is shown as the mean AE SD (n ¼ 3).
Scheme 2. Proposed Pathway for the Biogenaration (R)-1-Octen-3-ol via (S)-10-HPODE in L. edodes and T. matsutake.
